ABSTRACT: An inclined eight-story reinforced concrete building on a thick soft clay deposit was leveled by compensation grouting with short gel time grout injected through sleeved pipes. The monitoring system is used to record the injected grout volume, the mat foundation's heaved volume after grouting, and the mat foundation's settled volume during pore pressure dissipation. The grouting efficiencies improved from negative value to less than 1, and the stress histories of clay soils changed from normally consolidated to over-consolidated. A final compensation efficiency of 9.78% was achieved and the building was successfully leveled.
INTRODUCTION
Compensation grouting is a technique to offset subsidence caused during bored tunneling and underground excavation. The basic principle is to inject grout into the zone between the tunnel and overlying buildings to compensate for the ground loss and stress relief induced by underground excavation (Mair & Hight 1994) . The compensation grouting operation is a series of grouting tubes known as a Tube A Manchette (TAM), radiating horizontally from a vertical shaft as shown in Figure 1 . An electro-level beam embedded horizontally above the TAM is used to indicate when to start grouting and when to stop grouting, so that settlements are limited to specified amounts (Boone 1997) . The low-viscosity particulate grouts intrude into the soil and introduce solids enabling the uplift displacement which contributes to the compensation effect of ground settlement associated with bored tunneling (Wongsaroj 2007) . The major limitation is that the high mobility and low viscosity of the grout can cause difficulties in controlling grout locality. Grout with a quick set time can be used to partially solve this problem.
The effectiveness of compensation grouting can be evaluated by the amount of soil heave for a given injected grout volume (Soga 2004) . Grouting efficiency, η, is defined as the ratio of the soil heaved volume, V E , to the injected volume of grout, V inj .
The grout efficiency is usually smaller than 1 owing to loss of fluid from the grout bleeding, escape of the grout from the designated area by migration along fractures, and soil settlement due to the dissipation of positive excess pore pressures generated during grout injection. Komiya et al. (2001) conducted a field trial of shield tunneling in a deep soft clay deposit to investigate the long-term consolidation effect on grouting efficiency. A mixture of cement, water and water-glass with gel time of 20 seconds was used as the grout. The grouting program included tail void grouting operation immediately after the machine passage and grout jacking when the machine was approximately 5 meters ahead of the injection points. In both cases, the monitoring results show that the upward displacement owing to either grouting is negated by the consolidation settlement resulting in a net settlement. It is likely that the considerable consolidation of clay after grout injection is due to the dissipation of the excess pore pressures generated when the injected grout sheared the sensitive and compressible clay. This indicates that the grouting efficiency in soft clay may be negative. over-consolidated clays (see Figure 2 ) due to extensive shearing during the injection and the ultimate increase in mean effective pressure around the injection point caused by the injection pressure locked in when the grout solidified. However, for heavily over-consolidated clays, pore water migrated from the positive excess pore pressure zone around the injection point to the negative zone some distance away from the injection point during the consolidation stage. The compression near the injection point and swelling at some distance away from the injection point resulted in a negligible consolidation effect for heavily over-consolidated clays.
In addition to the efficiency loss discussed above, the efficiency of compensation grouting defined as the ratio of building settled volume to total injected grout volume may be further reduced by far-field geometry effects (i.e. the grout beneath the mat foundation can only contribute the effective lift of inclined building) as shown in Figure 1 .
The efficiency of compensation grouting is a function of ground conditions, grout rheology, injection method and the building weight.
GEOLOGICAL CONDITION
The soil profile at the site consisted of miscellaneous urban fill, very soft silty clay, and thick deposit of soft silty clay as shown in Figure 3 . Static groundwater levels in the vicinity of the grouting area were one meter below the surface. The eight-story reinforced concrete building with a one-story basement was inclined to the south at 1/200. The mat foundation of 32 meters by 18meters is 3.85 meters below the surface. Concrete piles of 0.35 meters in diameter and 9 meters in length were used as retaining wall during basement excavation. 
GROUTING DESIGN
The thick soft clay deposit rules out other grouting methods other than fracture grouting. To conduct the repetitive grouting procedure, a series of grouting tubes (TAM) were installed five meters beyond the mat foundation. The grout hole spacing was two meters on center. Drill casings were one meter in length, and were drilled through reinforced concrete floor in the mat foundation with small equipment for grout casing insertion. Water was used as the flush medium.
Because of cost consideration, the common grouting pumps were used. To improve the compensation efficiency, the grout hose system of 1.5 shots and quick set grout were adopted to limit the travel of grout. Two stages of grout mixes were used. The first stage grout mix is given in Table 1 and was used to stabilize the clays between five to nine meters below ground level and provide the reaction for the next lifting stage. The second stage grout mix is given in Table 2 was used to grout the clays between four to six meters below ground level and lift the building. 
MONITORING SYSTEM AND GROUTING PERFORMANCE
The elevations of building columns in the basement were monitored before and after each day's grouting program. The difference of contour lines between pre-grouting and post-grouting provides the elevated volume of the inclined building. Also the difference of contour lines between post-grouting and pre-grouting provides the settled volume due to the dissipation of excess pore pressure from the grouting. Figure 4 shows that the overnight settlement of 3.88 m 3 is more than the elevated volume of 3.17 m 3 at day one.
This indicates that the compensation efficiency is negative initially. However, the normally consolidated clay was gradually changed to lightly over-consolidated clay due to repetitive grouting, and this explained why the overnight settlement of 0.43 m 3 is less than the elevated volume of 3.86 m 3 at day four as shown in Figure 5(d) . The compensation efficiency is gradually improved to a positive value. To understand how long it takes for the excess pore pressure to dissipate, the injection was suspended for seven days after the fourth day of grouting. The results are shown in Figure 5 (f). It takes five days to reach the final accumulative settlement of 3.82 m 3 which is near the elevated volume of 3.86 m 3 at day four. Figure 6 shows that the accumulative elevated volume surpasses the accumulative settled volume from day four. From day four on, the elevated volume is larger than the settled volume for every grouting day. This indicates that the higher the over-consolidation ratio, the better the grouting efficiency. To reduce the differential settlement of the eight-story building on very soft clay, the final compensation efficiency of 9.78 % is obtained by subtracting final settled volume of 6.68% from the final elevated volume of 14.36% as shown in Figure 7 . The higher the over-consolidation ratio, the less the compressibility, and the better the compensation efficiency. Since the sandy soils are a lot less compressible than clayey soils, it is logical to assume that a sand deposit provides better compensation efficiency than a clay deposit. 
CONCLUSIONS
1) Compensation fracture grouting can be used successfully to level an inclined eight-story reinforced concrete building on the thick soft clay deposit with a final compensation efficiency of 9.78%. 2) Field investigations verify that grouting efficiency can be improved from a negative value to less than one by repetitive fracture grouting with a short gel time grout. This study shares the same conclusions from other researchers in the laboratory testing and in the shield tunneling areas of research.
